and the Emilia (Italy, 2012) earthquake sequences.
INTRODUCTION
The undesired implications of cumulative damage on the seismic performance of unreinforced masonry buildings (URM) were recently observed during earthquake sequences that occurred in various locations (e.g. the demise of URM buildings after the Canterbury earthquake sequence, New Zealand, 2010-2011 [1] [2] and Emilia, Italy, 2012 [3] ). The need of developments in the quantification of aftershock risk calculation for pre-damaged buildings became obvious for all buildings, and especially URM buildings, since they constitute a large proportion of the total existing building stock, even in many seismically active countries. This paper proposes a procedure for calculating, in probabilistic terms, the expected seismic demand, by only knowing the intensity level of each earthquake event. This procedure uses the intensity levels of the events that have occurred (during a sequence), for the derivation of a distribution of demand values. Specifically, the procedure takes advantage of the results of state-dependent assessment (results of dynamic analyses performed with pre-damaged models and a large number of unscaled records), to proceed to a quick estimation of seismic demand during an earthquake sequence, without further analysis and by considering only the intensity of the occurring earthquakes and the damage state of the structures due to the preceding earthquake events.
The probabilistic prediction of damage demand for an earthquake sequence can be a useful tool for rapid post-earthquake assessment of a population of buildings, each represented by a model, whose seismic response can be evaluated by means of nonlinear time-history analyses (NLTHA) prior to the occurrence of the sequence. In particular, it can be very useful for emergency assessments, since a quick estimation of damage expectation is possible as soon as the sequence occurs. This could provide, very quickly, a basic idea for the decision-makers regarding the damage distribution among the building population, which was modelled and analyzed with dynamic analyses prior to the occurrence of the earthquake sequence. Moreover, the predictions referring to a single event can be combined with seismic hazard models, in order to derive the seismic risk and loss for expected earthquake events. Alternatively, during the occurrence of seismic sequences, the expected seismic demand can be combined with aftershock seismic hazard and the probability that seismic demand exceeds the limit states of interest can be calculated for given time ranges. Since aftershock hazard is time-dependent [4] [5] , the calculations can be repeated as the time lapses, by adopting the updated hazard or the updated demand, if more aftershocks are occurring. The outcome of each calculation can be interesting for stakeholders and decision makers for organizing emergency plans.
In the following sections, the methodology for the demand prediction is presented and some necessary considerations for obtaining a reliable prediction are discussed. Then, its applicability is examined through calculations of demand with four real earthquake sequences, for a single case study URM building.
OUTLINE OF THE PROPOSED METHODOLOGY
The procedure for deriving a probabilistic estimate of the expected displacement demand (and corresponding damage) for earthquake sequences can be divided in two parts, which will be discussed in the following sub-sections. The first and more time-consuming part should be performed prior to the occurrence of the sequence and includes the modelling and analyses in order to obtain maximum displacement (or other damage index) demand, as a function of the level of pre-existing damage and of the shock intensity, covering an adequate range of intensity measure (IM) values, consistent with the seismic hazard of the area. The second and quicker part (post-earthquake sequence) can be performed either by using the IM values of each event that has occurred during the sequence, in order to assess the accumulated damage, or by using IM values of hypothetical sequences relevant to the aftershock seismic hazard at the site, in order to assess future demands. The distributions of the expected damage are then calculated for each shock. It should be noted that only the most significant records of the sequence should be used in the calculation. The exclusion of records of intensity below an adequate IM threshold is intended to exclude non-damaging earthquake events in order to speed up the damage prediction. The repetition of events of low intensity could indeed potentially change the expected response, depending on the model and the EDP used.
Calculation of displacement demand (before earthquake sequence)
The first steps of the procedure are common to those presented in [6] , for the derivation of state-dependent fragility curves for URM buildings:
• Step 1: Derivation of appropriate multi-degree-of-freedom (MDOF) models representative of the building typologies of interest and calibration with adequate mechanical properties.
• Step 2 (Optional): Derivation of single-degree-of-freedom (SDOF) models, calibration and verification according to static and dynamic analyses with the MDOF models (if the response can be represented by SDOF models).
• Step 3: Derivation of pre-damaged models, representing the implications of damage experienced due to previous earthquake shocks on the building behavior during subsequent earthquake events, for example with a nonlinear static procedure (cyclic pushover analysis).
• Step 4: Selection of a sufficient number of appropriate records representative of the possible seismic action at the site of interest.
• Step 5: Calculation of seismic demand by means of NLTHA with the selected records and the undamaged and pre-damaged SDOF (or MDOF) models.
• Step 6: Representation of ground motions by appropriate scalar or low-order vector IMs.
• Step 7: Storing of analytical results, in terms of damage (displacement or drift) demands and the corresponding ground motion IM values, for each considered level of pre-existing damage.
Rapid evaluation of cumulative seismic damage (after earthquake sequence)
The steps to be carried out after the occurrence of a seismic sequence, in order to obtain a rapid evaluation of the cumulative damage consist of:
• Step 1: Representation of the earthquake sequence by a sequence of IM values.
• Step 2: Given the IM value of each earthquake event of the sequence, derivation of maximum displacement demand in probabilistic terms (using the results of the undamaged models for the first earthquake and by combining the results for damaged models for the rest of the events of the sequence). The final prediction regards the maximum damage demand that the building is expected to experience during the whole sequence. The derivation of the distribution of maximum displacement demand is based on simple probability rules. For the first earthquake of the sequence, given its intensity, the displacement demand distribution (discrete levels) is taken from the previously calculated distributions of displacement from the results of NLTHA with the undamaged model, in a range in the vicinity of the IM value. The latter is based on the assumption that the building under examination is not damaged before the occurrence of the first strong motion of the studied sequence. According to the above, the probability of occurrence of discrete damage levels is
, where i corresponds to the damage levels (or bins) that have a non-zero probability of occurrence. For the next considered earthquake event of the sequence, the probability of occurrence of each discrete damage level is calculated, according to the previously derived damage levels. Particularly, the probability that each damage level DL j is reached after the second earthquake event is equal to the probability of DL j , conditional on the pre-existing DL i :
where n DL represents the total number of damage levels (DLs) with non-zero probability of occurrence, during the previous earthquake events. Since the prediction focuses on the maximum experienced damage through the whole sequence, if the probabilistic calculation for the subsequent earthquake event includes damage levels lower than the lowest damage level reached at the preceding event, the probability of these low damage levels is added to the lowest damage level attained from the previous earthquake event.
For the subsequent earthquake of the sequence (3 rd event), following the same principles as for calculating the damage demand for the sequence of EQ1 and EQ2, the probability of occurrence of each DL can be calculated according to:
In the same way, the probabilities of reaching each damage level are calculated for all the earthquakes of the considered sequence. Finally, the probabilistic predictions of damage demand can be compared to the deterministic results of real earthquake sequences derived from NLTHA with the earthquake sequence records.
REPRESENTATION OF SEISMIC DEMAND FOR UNDAMAGED AND PRE-DAMAGED MODELS
In this section, application examples of the procedure are presented in order to demonstrate its applicability and indicate the parameters that can affect the reliability of the probabilistic cumulative damage prediction. After a short presentation of the SDOF model used and the results of dynamic analysis (pre-earthquake steps), the probabilistic damage prediction calculations for four real earthquake sequences are presented and the considered parameters are introduced.
URM building model and considered levels of pre-existing damage
A model of a two-storey typical clay-brick URM building was used for the application examples. The building was assumed to develop a global in-plane failure mechanism, assuming that the out-of-plane failure of the walls is prevented. First, a MDOF model was developed using the software TREMURI [7] [8], with mechanical properties adopted from ranges derived from collection and processing of available parameters for clay-brick masonry from experimental studies. Then, in order to reduce the computational burden of the necessary nonlinear dynamic analyses, an equivalent SDOF model was developed, according to the procedure proposed by Graziotti et al. [9] , consisting of a static and dynamic calibration. The scheme adopted for the SDOF model is reported in Figure 1 . The system is composed of two two-node macro-elements coupled by an axially rigid link, with the scope of allowing an accurate reproduction of the behaviour of the structure, characterised by a combination of flexural (left macro-element) and shear (right macro-element) responses. The degree of freedom corresponds to the horizontal displacement of the mass on top of the system. The procedure followed for the calibration of the equivalent SDOF system is described in more detail in [6] and [9] . This appropriately calibrated SDOF model was then used for the creation of models representing the various levels of pre-damage of the structure. For the applications presented here, the pre-damaged models were derived from the results of nonlinear static analysis, with reference to 15 discrete levels of damage, each represented by a level of top displacement of the MDOF model, starting from 2 mm (damage level 1, DL1) and increasing by 2 mm when moving to the following DL. In order to obtain the damaged model, the undamaged SDOF model was subjected to one loop of a cyclic pushover analysis up to the displacement level characterizing the damage level.
Alternative damage level definitions could obviously be adopted, depending on the application of the damage prediction. For example, the damage levels could correspond to significant damage states (DS), which would allow a direct calculation of loss when the DS are combined with corresponding loss values. Nevertheless, using damage levels independently defined from significant DS is preferred here because it does not require making assumptions on the definition of the limit states, whose uncertainty can have a strong impact on the procedure [10] [11]. Lastly, the limit to the number of possible considered damage levels is also set by the need to derive bins with a reasonable number of NLTHA results for the derivation of damage distributions. For the application examples presented in the following, it was assumed that a more detailed discretization of DLs was not likely to be beneficial.
In order to be consistent, the maximum displacement used for deriving the pre-damaged models by cyclic pushover analyses should coincide with the displacement characterizing the DLi for the calculations of the post-earthquake assessment. A uniform definition of damage levels allows, during the calculation of seismic demand for sequences, to use results from analyses with pre-damaged model up to the displacement corresponding to DLi, if a model has reached DLi in a preceding record of the sequence. During all the steps of the procedure, the damage levels can be converted into displacement demand values and vice versa.
Finally, before applying the procedure for predicting the response during earthquake sequences, the maximum considered DL should be decided. Independently from the model used for NLTHA, either MDOF or SDOF, an upper threshold of displacement beyond which the structure is considered collapsed has to be set. For the following applications, a threshold of maximum MDOF displacement equal to 30 mm was selected and the results beyond 30 mm were considered as DL16, which can represent a collapse condition in the assessment scenarios.
Results of dynamic analyses
The relationships between displacement demand and ground motion intensity were derived from the results of NLTHA with the SDOF model and with the two horizontal components of the 467 real unscaled records of the SIMBAD database [12] . As already mentioned, meaningful intensity measures should be selected to characterise the severity of each accelerogram. For the applications of this paper, two scalar IMs and two two-dimensional vector-based IMs were considered. The aforementioned IMs were derived after a statistical investigation performed on the results of NLTHA, for a significant number of scalar and twodimensional IMs [13] . In more detail, the selected scalar IMs were the Modified Housner Intensity, mHI, and the Average Spectral Acceleration, S aavg , whereas the two vector IMs were composed by one of the aforementioned, as primary component, and the spectral shape factor, N p [14] , as secondary component. Housner Intensity is an energy-based intensity measure, calculated for each earthquake record as the integral of the pseudo-velocity spectrum (5% damping) for periods between 0.1 and 2.5 s [15] . This intensity measure was modified by reducing the period range of integration from 0.1 to 0.5 s (as already done in [9] ), to better account for the period range of interest for masonry structures, whose effective fundamental period is rarely beyond 0.5s. Similarly, S aavg was defined as the average of spectral acceleration for periods from 0 to 0.5s. Only combinations of the primary intensity measures with N p were finally used, since N p was found to be non-correlated to the primary components, whereas the opposite occurred for other secondary IMs examined (e.g. uniform duration [16] and peak ground acceleration). Figure 2 shows the maximum displacement demand versus modified Housner Intensity values, obtained from NLTHA of the undamaged SDOF model with unscaled records from the SIMBAD database [12] . Since the number of records is decreasing for increasing intensity levels, the semi-logarithmic scale was used to allow a similar number of records in all the considered bins, in order to avoid giving different weights to the different bins. The green markers in the figure indicate the results considered for the maximum displacement prediction, while the rejected results, shown in red, correspond to values of displacement exceeding the maximum displacement limit (blue horizontal line) and maximum IM value (light blue vertical line). The IM upper limit was set as the level for which almost all the records lead to near collapse conditions (displacements higher than the collapse limit of 32 mm). Table 1 and Table 2 For the application examples presented here, only the events with at least one of the two components with mHI equal to or greater than 0.04 m were considered in the prediction calculations. It is worth highlighting (as can be seen from mHI values of the records of each sequence) that two moderate intensity sequences of ground motions were considered (recorded at RHSC and MRN), one low intensity sequence (recorded at PPHS) and one high intensity sequence (recorded at CHHC).
The displacement demand of each event and each entire sequence was calculated by NLTHA, in order to provide a measure of comparison to the median prediction of the damage demand, derived from the application of the methodology.
Evaluation of damage demand with earthquake events represented by scalar IMs
The calculation of cumulative damage demand was carried out for the four considered sequences of records. For each event, only the results from NLTHA with ground motions of IM values close to the IM value of the event were considered for the probabilistic calculation of damage levels. The IM range of interest was centred on the IM value of the considered event, whereas its width was defined taking into account the availability of high intensity ground motions in the adopted accelerometric database. Indeed, even for the highest level of ground motion, the number of records should be sufficient to allow the statistical treatment of the NLTHA results and the derivation of a displacement distribution.
For the presented results, the higher limit of the IM range was set equal to 0.20 m in terms of mHI and equal to 10 ms -2 , in terms of S aavg and the IM range was divided into 10 bins. The resulting distribution of expected damage levels derived from the results of the undamaged model is shown in Figure 3 (top) .
On the other hand, the ranges of the vector-based IMs were defined from adequate ranges of both components of the vectors. Primarily, the range of considered mHI or S aavg values was derived and then, from the results contained in the range, only the results with values of N p around the N p value of the event were considered for the derivation of the damage distribution. The range of considered spectral shape ratio values was centred on the N p value of the examined earthquake of the sequence (N PE ), plus and minus a fixed deviation of 0.15. It was observed that the deviation was not a governing parameter for the predictions. The limitation was set in order for the range of the second IM to be broad enough to include an adequate number of results for statistical use.
For each subsequent event, values of damage demand were calculated for all the levels of pre-existing damage, as indicated in the two multi-plots of Figure 3 , for the two subsequent events of the MRN sequence.
Once the results were sorted in bins of IM and DL, the probabilistic displacement demand after each subsequent event was calculated, as well as the intermediate and final damage demand distributions, as shown in Figure 4 for the sequence recorded at MRN station.
The resulting damage levels for the complete sequences recorded in the four stations under study (components in the two perpendicular directions) are summarized in Figure 5 and Table  3 . In Figure 5 , each plot contains, for each direction, the median of the predicted damage demand for the sequences, represented either by the scalar mHI or S aavg , or by considering them as primary components of vector-based IMs, combined to N p . The deterministic demand derived from NLTHA with the time histories of the earthquake sequences is also included in the plots. The median values of the predicted maximum displacement distributions are found to be slightly lower than the deterministic response for the sequence recorded at the CHHC site (high intensity sequence), while the opposite is observed for the sequence recorded at PPHS (characterized by lower intensities). For the former case, the median of the prediction with mHI is closer to the deterministic results than the median of the prediction with S aavg and the use of vector IMs instead of scalar ones does not seem to improve the median prediction. Conversely, for the latter case, prediction with S aavg is closer to deterministic results and the use of vector IMs leads to median predictions closer to the deterministic results than the prediction calculated with scalar IMs. For the remaining sequence examples (recorded at RHSC and MRN), the deterministic response differs significantly between the two components of motion. It can be observed that, for the higher levels of damage, the use of mHI in the calculations leads to median values closer to the deterministic result. For the lower levels of damage (DL5), there is an overestimation of damage resulting from both the IMs (NS component of RHSC and EW component of MRN), which is slightly improved by using S aavg . Still, with exception of RHSC (NS component), the use of vector IMs does not significantly affect the median prediction.
The precision of the predicted damage distributions can be evaluated by the scatter of the obtained probability distributions. If the results are assumed to follow a lognormal distribution, this scatter can be defined for example by the standard deviation of the lognormal distribution fitting them. More specifically, lognormal standard deviations can be calculated as one half of the difference of the logarithms of the displacement corresponding to the 84 th percentile of the lognormal distribution and the one corresponding to the 16 th percentile of the same distribution. The values calculated for all the sequences are shown in Table 3 .
In the case of vector IMs, the damage distributions were found to be sensitive to the range of the considered primary IM and to the selected number of bins, especially for the earthquake sequences of moderate intensity (RHSC and MRN). For this reason, Table 3 Table 3 : Lognormal standard deviations of the predicted damage distributions for the four considered earthquake sequences, for the cases of vector and scalar IMs Table 3 shows that the predictions for moderate intensity sequences leads to large standard deviations for both scalar and vector IMs. By comparing the scatter of the predictions calculated with the two scalar IMs, it seems that the use of mHI leads to a slightly lower scatter for the majority of the sequences. For some cases, the scatter calculated with vector IMs was smaller than the scatter resulting from scalar IMs. An example is the case of S aavg and N p for the low intensity sequence (PPHS). Nevertheless, given the sensitivity of the scatter to the number of bins used to divide the range of the primary IM, it seems that, for the cases considered in this study, the use of combinations of IMs does not provide a significant improvement over the use of a scalar IM.
Comparison between main-shock and complete sequence damage demand predictions
In its established form, the calculation of seismic risk is based on the vulnerability of buildings to a single earthquake, i.e. it does not account for the cumulative damage occurring to the buildings for subsequent events. Adversely, as observed during the occurrence of real earthquake sequences, the damage demand due to the main-shock only can be different from the damage demand due to the whole sequence. In this work, the potential differences between the prediction for the main-shocks only and for the entire sequence were investigated. Figure 6 shows the damage predictions derived for the four investigated sequences, including the results from analyses with both components of earthquake motion, considering S aavg as scalar IM. The damage levels derived from dynamic analyses with the records of the main event and the complete sequence are also reported in the plots, indicated with vertical continuous lines. It is noted that the event with the larger moment magnitude of each sequence was considered as the main-shock, even if the records at the considered stations did not have the largest local intensity value.
With the only exception of the sequence recorded at the PPHS station, considering the complete sequence increases the probability of higher levels of damage with respect to the case of the main-shock only. It is interesting to note that, for the sequence recorded at the MRN station, there is no increase in the damage demand with respect to that obtained from the deterministic values.
This comparison confirms that the use of the median value only of the predicted damage distributions should be avoided, and the scatter in the demand should always be accounted for.
For the majority of the main-shock predictions (with the only exception of the CHHC sequence), the demand distribution obtained for discrete levels of damage could be fitted with a lognormal distribution. This would allow the prediction calculation in a continuous range of damage and the development of a closed-form calculation of the damage demand, when the maximum value of earthquake intensity is known for a main-shock. Nevertheless, from the distributions resulting after damage calculations for complete sequences of events, it seems that the fitting by a mathematical distribution is not a trivial issue. 
Example of application of the proposed methodology for post-earthquake damage assessment
In several countries worldwide, after the occurrence of an earthquake event, fast-tagging procedures are often applied together with site surveys, where structural engineers are called to quantify the aftershock vulnerability and risk, mainly based on visual inspections, and judge if each building can be reused (green tag), further inspected (yellow) or in danger of collapse (red) in case of aftershocks. The decision is made without any knowledge of the transition probability of the observed damage to collapse. Some guidelines for the quantification of aftershock risk were provided in the past for reinforced concrete buildings [17] . The procedure developed in this work can allow some rapid calculations of damage demand, from the results of previous analytical studies, based on the seismic response of the structures of interest and the intensity of the events of the occurring sequence. This can provide indications for stake-holders and decision makers for organizing fast-assessment plans and prioritizing the operations.
The results of a simple example of this type of fast calculation, based on the results of analyses with pre-damaged SDOF models, are presented in Table 4 . The probability distributions were calculated as previously, for the case of only main-shocks and for all events of the considered earthquake sequences. The only additional step required is an adequate definition of the limit state thresholds or, in other words, the translation of DL to significant DS, represented by the tagging colours. For the example presented here, three LS can be considered, consisting of operational limit state (OLS), damage limitation limit state (DLS) and ultimate limit state (ULS). Consequently, four damage states (DS1<OLS, OLS<DS2<DLS, DLS<DS3<ULS, DS4>ULS) are identified. The LS displacement thresholds were defined as the attainment of the first yielding pier for OLS, the attainment of the maximum base shear for DLS and the drop of base shear to 80% of its maximum value for ULS [13] .
In this example, the green tag damage state corresponds to damage levels up to OLS, the yellow tag to damage levels between OLS and DLS and the red to damage levels beyond DLS. Making reference to the DLs adopted in this study, DL6 corresponds to the threshold for the attainment of OLS, while DL10 to the attainment of DLS. After DL10 the structure shows a degrading response, with the ULS obtained for DL12. For this example, all damage levels beyond DL10 are considered as red-tagged damage state. Table 4 reports the probabilities of damage occurrence of the three significant damage states, for the four considered sequences, considering either only the main-shock or the entire sequence. It can be observed that the probability of more severe damage is increasing if the entire sequence is considered in the damage prediction calculation. Table 4 : Example of tagging estimation: probabilistic prediction of damage states for four earthquake sequences (recorded at RHSC, PPHS, CHHC and MRN), considering only main-shocks or entire sequence of events
CONCLUDING REMARKS
A methodology for quick estimation of maximum displacement demand during and after earthquake sequences was proposed. The methodology was applied to a single case-study building, with the aim of investigating its applicability and identifying the parameters that can affect the reliability of the damage predictions. In more detail, the ability of the procedure to estimate (in probabilistic terms) the damage demand due to main-shocks and complete sequences was studied by means of four examples with real earthquake sequences and the predictions were compared to the seismic demand calculated with (deterministic) NLTHA with the considered records.
It is recognized that improvements in the procedure can and should be considered. First of all, the proposed procedure currently accounts only for the global response of the buildings, assuming that early local failure modes are prevented. The consideration of local out-of-plane mechanisms should be incorporated as a future development. A further improvement of the methodology could be aiming at deriving predictions of damage demands representative of more general building typologies, represented by similar geometries and varying mechanical properties.
Another possible improvement regards the SDOF model and the representative engineering demand parameter used to recreate the URM seismic response during earthquake sequences. Indeed, an advanced (MDOF) modelling that accounts for out-of-plane failures and allows partial collapses can be significantly more efficient in the prediction of damage. Nevertheless, the downside of the advanced modelling is that the more complex it is, the more case-specific it becomes, and therefore it cannot be adopted in the assessment of a large population of buildings. A compromise between the level of detail in the modelling and its representativeness of a building population should always be considered, taking also into account the inevitable increase of computational time when detailed models are used.
Lastly, former studies (e.g. [18] ) showed that, in addition to the ground motion intensities, aftershock ground motion features such as the frequency content and the strong motion duration can affect the post-main-shock response. These aspects should be investigated within the damage prediction procedure and their impact should be studied through applications with more real earthquake examples.
Finally, for the validation of the procedure, empirical data for the observed damage evolution during earthquake sequences should be considered in order to assist the identification of representative thresholds corresponding to significant damage states. The analytical limit state thresholds should be related to more observational damage data, provided that the considered models adequately represent the seismic behaviour of the structures.
